[1] We carried out various stress measurements in boreholes penetrating the northern segment of the Chelungpu fault, drilled about 5 years after the 1999 ChiChi, Taiwan, earthquake. In the possible depth range of the Chelungpu fault, three major fault zones were encountered. Clearly recognizable principal stress rotations in the vicinity of the shallowest major fault zone, at 1133 m depth in hole B, suggest that this fault zone ruptured during the 1999 earthquake. Moreover, the fault's rupturing altered the stress state in the area surrounding this fault zone. In this paper, we constrain the possible magnitudes of the current principal horizontal stresses around the fault zone and show that the current stress state belongs to a normal or strike-slip fault regime. Therefore, the stress state was changed from that of a reverse fault regime by the rupturing.
Introduction
[2] Stress and earthquakes are known to be interrelated: stress triggers earthquakes and earthquakes alter the shear and normal stresses on surrounding faults [Stein, 1999; Hardebeck, 2004; Ma et al., 2005] . In this study, we focused on the second phenomenon, using an example from Taiwan. The huge, destructive Chi-Chi earthquake (Mw 7.6) occurred in west-central Taiwan in 1999 as a result of convergence of the Philippine Sea and Eurasian plates [Kao and Angelier, 2000; Ji et al., 2003] . To understand the physics of the earthquake and the mechanism of rupture propagation, the Taiwan Chelungpu-fault Drilling Project (TCDP) drilled two vertical holes 40 m apart (hole A to an approximate depth of 2000 m and hole B to an approximate depth of 1350 m) about 2 km east of the surface rupture . The Chelungpu fault dips gently to the east (30°), and slips principally within and parallel to the bedding of the Pliocene Chinshui Shale. The TCDP holes penetrate three major fault zones [e.g., Hirono et al., 2006] within the Chinshui Shale, which, despite its formal lithostratigraphic name, in this area is composed mainly of siltstone [A. T. Lin et al., 2007] .
[3] A main objective of the TCDP was to determine the spatial distribution of the in situ stress and, in particular, to determine the stress state on and around the fault plane before, during, and after the earthquake. Focal mechanisms of earthquakes occurring before the Chi-Chi earthquake [Yeh et al., 1991] , a stress tensor inversion of the Chi-Chi earthquake sequence [Kao and Angelier, 2001; Wang and Chen, 2001; Ma et al., 2005; Blenkinsop, 2006] , and a data set obtained from TCDP hole A provide some information about stress in the Taiwan area. However, we do not have sufficient satisfactory information about stress states obtained directly at depth near the Chelungpu fault. Therefore, we carried out a stress analysis, using both stress-induced compressive failures and drilling-induced tensile fractures, in TCDP hole B, and compiled the results along with several independent stress measurements based on the anelastic strain recovery (ASR) method and hydraulic fracturing tests. Importantly, the data suggest that the principal horizontal stress orientations rotated suddenly by about 90°in the vicinity of the Chelungpu fault induced by the 1999 Chi-Chi earthquake. Furthermore, we propose the possible magnitude range of the current principal horizontal stresses at depths around the fault zone that ruptured during this earthquake.
Orientations of Current Principal Horizontal Stress in TCDP Hole B
[4] We conducted downhole wireline logging with a Fullbore Formation MicroImager (FMI) to obtain electrical images of the borehole wall from about 930 to 1330 m depth in hole B. Three major fault zones were observed at depths of about 1133, 1191, and 1240 m, as determined by the wire length of the downhole logging tool. These depths usually are shallower by about 3 m from those determined from the drilling rod length. Since both stress-induced borehole breakouts and drilling-induced tensile fractures are dependent on in situ stress conditions, we can use information on their geometry, observed in the borehole wall images, to estimate orientations and magnitudes of in situ principal stresses in the plane perpendicular to the borehole axis [Zoback et al., 1985 [Zoback et al., , 2003 Haimson, 2007] .
[5] We observed many breakouts and a few tensile fractures in the surveyed depth range in TCDP hole B.
Figures 1a, 1b, 1c, and 1e show breakouts at depths far above, immediately above, and far beneath the shallowest major fault zone, respectively. Breakouts or tensile fractures, if present, are always found in pairs, with one member of the pair opposite the other in the borehole wall, as shown in Figure 1 . In addition, the difference in orientation between the two positions is always about 180°. We recorded the azimuth data of breakouts and tensile fractures according to following criteria, and plotted the azimuth distribution of the maximum principal horizontal stress S Hmax (Figure 2 ). The criteria used were (1) breakouts are wider than a fracture and do not have sharp, straight boundaries like a tensile fracture does, (2) breakouts or tensile fractures must occur in pairs and in two opposite positions, that is, not on only one side of the borehole wall, and (3) breakouts or tensile fractures are equal to or longer than approximately 0.5 m. Because we conducted the FMI logging in hole B about 5 years and 7 months after the last slip event, the results represent the current, post-seismic stress state.
[6] The S Hmax azimuths were mostly distributed between 105°and 155°at all surveyed depths, except at around 1133 m. The average azimuths were concentrated within the relatively narrow range from 119°(near 1170 m depth) to 133°(near 1300 m). This azimuth of N119 -133°E is consistent with the downdip direction of the bedding planes of the Chinshui Shale, and is also the same as the azimuth of rupture of the Chelungpu fault during the 1999 Chi-Chi earthquake [A. T. Lin et al., 2007] . This orientation is in good agreement with the regional stress state at the TCDP drilling site obtained from fault slip analyses of the Chi-Chi earthquake data [Kao and Angelier, 2001; Blenkinsop, 2006] and tectonic stress data for central Taiwan [Yeh et al., 1991] .
[7] In a narrow depth interval at around 1133 m depth, the S Hmax azimuth (212°on average) importantly differs by about 90°from the azimuths at other depths. Moreover, the S Hmax azimuth at about 1133 m in hole B is consistent with the stress orientation estimated by the ASR method at the depth of the shallowest major fault zone in hole A [W. Lin et al., 2007] . In the electrical image from immediately above (1120 m depth) the shallowest major fault zone (Figures 1b  and 1c ), the azimuth of the breakouts is suddenly rotated by about 90°; in other words, at this depth, the orientation of S Hmax changes roughly from an azimuth parallel to the fault rupture direction to one perpendicular to the direction of rupture. Similarly, in the SAFOD pilot hole, Hickman and Zoback [2004] observed drastic rotation of the localized principal stress orientation around fault zones; for example, the apparent azimuth of S Hmax just below a minor fault gradually changed by about 70°over an interval of only 5 m. In addition, Yamashita et al. [2004] reported that the Nojima fault slip of the 1995 Kobe earthquake induced rotation of the principal stress axis orientation. Moreover, Barton and Zoback [1994] presented additional examples of stress rotation associated with fault movements. However, the stress change observed in this study differs from those mentioned by these previous studies in that maximum principal horizontal stress, S Hmax , and the minimum principal horizontal stress, S hmin , can be considered to have been interchanged in the vicinity of the fault. This difference probably relates to the difference in fault movements: the Chelungpu fault is a thrust fault, whereas the Nojima fault is a strike-slip fault.
[8] Even though some scientists believe that the shallowest major fault zone (1133 m) is the one that ruptured during the 1999 Chi-Chi earthquake [e.g., Wu et al., 2007] , additional data verifying which fault zone among the three major fault zones encountered by TCDP hole B slipped during the earthquake are still welcome. All three fault zones are in the Chinshui Shale, and all are within the possible depth range of the 1999 earthquake rupture, as indicated by abundant teleseismic data. Kano et al. [2006] and Tanaka et al. [2007] debate whether a temperature profile peak (positive thermal anomaly) around the shallowest major fault zone, determined by downhole measurement, was caused by frictional faulting associated with the 1999 earthquake. The stress orientation anomaly at around 1133 m depth, identified by this study, might constitute additional important evidence that the 1999 earthquake rupture occurred in the shallowest fault zone.
Constraints on Stress Magnitudes at Depths Near the Chelungpu Fault
[9] To constrain the magnitudes of S Hmax and S hmin as well as that of the vertical stress S v , we drew stress polygons in accordance with the Anderson theory of faulting [e.g., Turcotte and Schubert, 2002] and plotted our stress measurement results on the polygons (Figure 3) . The three polygons were each composed of three triangles, representing the possible stress ranges of a reverse fault (RF), a strike-slip (SS), and a normal fault (NF) regime. The three polygons represent the possible ranges of principal horizontal stress magnitudes with coefficients of static friction m = 1.0, 0.8, and 0.6, respectively, at 1120 m depth, where S Hmax and S hmin were exchanged, based on the assumptions of a density-related lithostatic vertical-stress and a hydrostatic gradient pore-pressure. Chen [2005] conducted triaxial compressive tests under confining pressures of 20, 40, and 60 MPa on dry siltstone specimens with the same lithology as the rock at 1120 m depth and determined the coefficient of static friction of these specimens to be 0.8. Comparison of the possible stress ranges indicated by the three polygons for the three values of m (Figure 3b) shows that the polygons do not differ very much in the lower stress area where the in-situ stress are obtained, but for the RF regime, the top boundaries of the polygons differ significantly among the three cases.
[10] In addition, the red lines, labeled BO for breakout in Figure 3 , show the stress magnitude limits allowing breakout development, based on a minimum value of 32.9 MPa for the uniaxial compressive strength Sc of the siltstone, determined under water-saturated conditions [Chen, 2005] . We estimated the stress condition limits using the method of Moos and Zoback [1990] and adopted the uniaxial compressive strength as the failure criterion for breakout development, although Moos and Zoback [1990] mentioned that the strength should be equal to or larger than the uniaxial compressive strength and equal to or less than the biaxial compressive strength. It is clear that the criterion we adopted might result in a lower stress magnitude limit for breakout appearance. Thus, the stress state at the depth of 1120 m should be in the area above and to the left of the two red lines and within the polygons. On the other hand, the stress state limit allowing formation of drilling-induced tensile fractures was determined on the basis of a rock tensile strength St = 0, because of possible preexisting fractures and cracks, and is shown by the green line labeled DITF. Because tensile fractures are absent at 1040-1300 m depth, which is roughly the depth range of the Chinshui Shale, the possible stress state in that depth range should be in the area to the right of the green line and within the polygons. Considering both limits, the stress state at around 1120 m depth should be in the area between the red and green lines and within the polygons.
[11] Barton et al. [1988] proposed a simple method for estimating the magnitude of S Hmax using S hmin , the width of the breakouts, and the uniaxial compressive strength of the rock. Although this simple method has since been improved [e.g., Vernik and Zoback, 1992; Haimson and Chang, 2002] , we used the simple method of Barton et al. [1988] because we did not have true triaxial compression test data as required by the improved methods, and the simple method has been successfully used in a number of deep scientific drill holes [Zoback et al., 2003] . We estimated S Hmax by using the several values for S hmin obtained by hydraulic fracturing tests, the width of the breakouts at around 1120 m depth, and minimum and maximum compressive strengths of 32.9 and 44.0 MPa, respectively [Chen, 2005] . We conducted hydraulic fracturing tests at four depths and obtained the minimum principal horizontal stress S hmin from the instantaneous shut-in pressure at those depths (J.-H. Hung et al., Structure geology, physical Figure 2 . Azimuth distribution of the maximum principal horizontal stress S Hmax determined from borehole breakouts (Dr) and drilling-induced tensile fractures (+Â). Symbols D+ and rÂ refer to data obtained from the first or second running of the FMI logging, respectively. Letters a -e correspond to the respective locations of images in Figure 1 , a -e. The solid circles show the average azimuths of S Hmax from both breakouts and tensile fractures in each group; vertical bars show the depth range of the groups; horizontal error bars shows the standard deviations. Minimum and maximum azimuthal standard deviations of all groups were 9°and 22°, respectively. The accuracy of the azimuth data obtained from the borehole breakouts and the tensile fractures was generally approximately ±10 -20°.
property, fault zone characteristics and stress state in scientific drill holes of Taiwan Chelungpu Fault Drilling Project, submitted to Tectonophysics, 2007). We used only two values for S hmin , 23.5 MPa and 16.8 MPa from 1085 m and 1179 m depth, respectively, because these depths are the nearest above and below the fault zone, respectively. Although the breakout width was not constant, the average width of 40°was approximately stable over several meters in the borehole. We show the ranges of S hmin and S Hmax estimated from the different combinations of S hmin and S c as a parallelogram (Figure 3b ). The blue line in the parallelogram was estimated from the maximum and minimum S c values and the S hmin value obtained by the ASR test [W. Lin et al., 2007] , and the solid square shows the S hmin and S Hmax values calculated from the three-dimensional principal stress magnitudes estimated from the ASR test at 1112 m depth in hole A. The 1112 m depth of the ASR sample in hole A corresponds to the wireline depth of 1134 m in hole B. W. Lin et al. [2007] adopted ASR compliances calibrated from the overburden pressure value according to the method of Lin et al. [2006] to estimate the stress magnitudes from measured strain values obtained by ASR test.
[12] The stress magnitudes obtained by the ASR method, the hydraulic fracturing experiments, and the borehole breakout and tensile fracture analyses are consistent with one another. Moreover, the parallelogram may constrain the current stress state (postearthquake) around the northern segment of the Chelungpu-fault at about 1 km depth. The current stress state, 5 -6 years after the Chi-Chi earthquake, is not within the reverse (or thrust) faulting regime, although reverse slip occurred on the fault plane during the earthquake. We believe that the current stress state reflects a stress-state change from RF to NF or SS caused by the fault's rupturing.
Conclusions
[13] Borehole breakout and tensile fracture data showed that the S Hmax azimuth in most of the studied depth range (930 -1330 m) coincided with the azimuth of the fault rupture, which was approximately the same as the downdip direction of the Chinshui Shale. However, the S Hmax azimuth at around 1133 m depth, corresponding to the depth of the shallowest major fault zone, is at right angles to the azimuth of fault rupture, and the S hmin azimuth coincides with the dip azimuth. This observation can be interpreted as a local interchange of the principal stresses. In addition, this stress orientation anomaly within a narrow depth interval around 1133 m might be important supporting evidence that this fault zone ruptured during the 1999 earthquake.
[14] We discussed the magnitudes of the horizontal principal stresses at 1120 m depth, immediately above the shallowest major fault zone on the basis of experimental hydraulic fracturing results, ASR measurements, breakout width, stress magnitude constraints in accordance with the Anderson theory of faulting, and experimental laboratory data. The stress magnitudes determined on the basis of the various measurements and theoretical analyses were in good agreement, and the results suggest that the current stress state at depths near the shallowest major fault zone is in a normal fault or strike-slip regime. The current stress state might reflect a stress-state change from RF before the earthquake to NF or SS after the earthquake as a result of the fault's rupturing. [15] Acknowledgments. We gratefully acknowledge Y.-B. Tsai, one of the principal investigators of TCDP, Taiwan, and Y. Kawamura and T. Moe of CDEX/JAMSTEC, Japan, for giving us much helpful support for conducting the FMI logging in TCDP hole B. We also thank two anonymous reviewers for their constructive comments. A part of this work was supported by Grant-in-Aid for Scientific Research (C: 19540453) of the JSPS, Japan.
